Biomass burning is an important source of tropospheric ozone (O 3 ) and aerosols. These air 27 pollutants can affect vegetation photosynthesis through stomatal uptake (for O 3 ) and light 28 scattering (for aerosols). Climate change will significantly increase wildfire activity in boreal 29
Introduction 48 49
Wildfire is becoming more active in recent decades over North America boreal regions 50 and is projected to increase significantly in the future due to climatic changes (Flannigan et ecosystem carbon assimilation, and how this impact will change with the increased wildfire 61 activity in the future. 62
63
Surface O 3 is detrimental to plant health because it damages photosynthesis through stomatal 64 uptake (Sitch et al., 2007) . In the present climate state, fire-induced O 3 enhancements are 65 predicted to reduce net primary productivity (NPP) in the Amazon forest by 230 Tg C yr -1 , a 66 magnitude comparable to the direct release of CO 2 from fires in South America (Pacifico et 67 al., 2015) . The aerosol effects are more uncertain because both positive and negative 68 feedbacks occur. Appearance of aerosols increases diffuse light, which is beneficial for 69 shaded leaves in the lower canopy. Consequently, photosynthesis of the whole ecosystem 70 will increase as long as the total light availability is not compromised (Kanniah et al., 2012) . the aerosol radiation changes indirectly influence land carbon uptake through concomitant 76 meteorological perturbations that are only beginning to be examined (Yue et al., 2017) . productivity (Niyogi et al., 2004) . For each summer day, we select instantaneous MODIS 3-150 km AOD pixels that are (a) located within a distance of 0.03° (about 3 km) from the targeted 151 AMF site and (b) "quasi-coincident" with AMF data, which are available each half-hour. 152
Because of the unavoidable temporal differences between MODIS overpass and AMF data 153 availability, we name this selection "quasi-coincident". Cloud mask, applied in the MODIS 154 retrieval procedure, conveniently filters out cloudy instants and should reduce the effect of 155 clouds in the scattering process. We calculate both the correlation and regression coefficients 156 between "quasi-coincident" GPP and AOD at the selected sites. Negative GPP is considered 157 as a missing value. To further reduce the influence of cloud cover, we discard instants (both 158 AMF and MODIS data) when precipitation is non-zero. The GPP-AOD sampling pairs are 159 much fewer than GPP-PAR, because we select instants when both instantaneous AOD and 160 GPP data are available. In addition, AOD is screened for clear instants to exclude the impacts 161 of clouds. 162 163
Wildfire emissions 164 165
Wildfire emissions used in climate modeling are calculated as the product of area burned, 166 fuel consumption, and emission factors. To predict area burned, we build stepwise 167 regressions for area burned in 12 boreal ecoregions . Observed area burned 168 aggregated from inter-agency fire reports is used as the predictand. Predictors are selected 169 from 44 (5×6+7×2) variables including five meteorological parameters (mean and maximum 170 temperature, relative humidity, precipitation, and geopotential height at 500 hPa) of six 171 different time intervals (winter, spring, summer, autumn, fire season (May-October), and the 172 whole year), as well as the mean and maximum values of 7 fire indexes from the CFWI 173 system during fire season. We consider the impacts of antecedent factors on current fire 174 activity by including all above variables at the same year and those in the previous two years, 175 making a total of 132 (44×3) factors. The final formats of regression are different among 176 ecoregions, depending on the selection of the factors that contribute the maximum observed 177 variance in predictand but remain the minimum collinearity among predictors. These 178 regression functions are then driven with output from 13 CMIP3 climate models (Meehl et al., 179 2007) to predict area burned at present day (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and midcentury (2046) (2047) (2048) (2049) (2050) (2051) (2052) (2053) (2054) (2055) (2056) (2057) (2058) (2059) (2060) (2061) (2062) (2063) (2064) (2065) 
Simulations 234 235
We perform 6 time-slice simulations, three for present-day (2010s) and three for midcentury 236 (2050s), with atmosphere-only configuration to explore the impacts of fire emissions on NPP 237 in boreal North America (Table 1) (Table 3) . For example, the offline run 268 Y10_CTRL is driven with variables from the online simulation of F10CTRL ( 1b-1c). The magnitude of diffuse PAR is similar for these sites, possibly because they are 295 located at similar latitudes (Fig. 1a) . GPP values at CA-Gro are generally higher than that at 296 CA-Qfo, likely because deciduous broadleaf forest (DBF) has higher photosynthetic rates. 297
Consequently, the slope of regression between GPP and PAR dif is higher at CA-Gro than that 298 at CA-Qfo, suggesting that GPP of DBF (or MF) is more sensitive to changes in diffuse PAR 299 than that of ENF. We find almost zero correlation between GPP and PAR dir at the two sites 300 (Table 4 ), indicating that photosynthesis is in general light-saturated for sunlit leaves at these 301 sites during boreal summer noontime. As a result, modest reductions in direct light by 302 aerosols will not decrease GPP of the whole canopy. 303
304
With satellite-based AOD, we find positive correlations between GPP and AOD at both sites 305 (Figs 1d-1e) . However, the slope of regression between GPP and AOD is lower at CA-Gro 306 compared with that at CA-Qfo, opposite to the GPP-PAR dif regressions. The cause of such 307 discrepancy might be related to the limitation of data availability. For the same reason, the 308 GPP-AOD correlation is insignificant at CA-Gro site. On average, we estimate GPP 309 sensitivity of 3.5 ± 1.1 µmol m -2 s -1 per unit AOD at lower latitudes of boreal regions in the 310 summer. 311 America and high values in the western and eastern U.S. (Fig. 3a) . This pattern is consistent 324 with surface observations (Fig. 3b ), but the model overestimates the measured surface O 3 by 325 40%. The Canadian measurement sites are located near the southern boundary, and as a result 326 do not represent the average state over the vast boreal region at higher latitudes. 327 328
Simulation of wildfire O 3 and aerosols 329 330
Compared to the present day, wildfire area burned is projected to increase by 66% in boreal 331
North America at midcentury, mainly because of the higher temperature in future fire seasons 332 . Consequently, enhanced fire emissions increase concentrations of surface 333 O 3 and column AOD, especially over Alaska and central Canada (Fig. 4) . The maximum 334 centers of air pollutants are collocated for O 3 and AOD but with unproportional magnitudes, 335 suggesting non-linear conversion among fire emission species as well as the interactions with 336 natural emission sources (e.g., lightning/soil NO x and BVOC). On average, wildfire 337 emissions contribute 7.1 ± 3.1% to surface O 3 and 25.7 ± 2.4% to AOD in the summer over 338 boreal North America in the present day. By midcentury, these ratios increase significantly to 339 12.8 ± 2.8% for O 3 and 36.7 ± 2.0% for AOD. 340 341
Simulation of fire pollution impacts on NPP 342 343
Surface O 3 , including both fire and non-fire emissions (Table 2) , causes limited damages to 344 summer GPP in boreal North America (Fig. 5) . The most significant damage is predicted 345 over eastern U.S., where observed [O 3 ] is high over vast forest ecosystems (Fig. 3 ). In the 346 western U.S., [O 3 ] is also high but the O 3 -induced GPP reduction is trivial because low 347 stomatal conductance in the semi-arid ecosystems limits O 3 uptake there ( Fire aerosols cause significant perturbations in shortwave radiation at surface (Fig. 6) . The 357 direct light is largely attenuated especially over Alaska and central Canada, where fire 358 aerosols are most abundant (Fig. 4) . In contrast, diffuse light widely increases due to particle 359 scattering. In the present day, the average reduction of 5.6 W m 7c-7d). Surface radiative cooling and atmospheric heating together increase air stability and 370 induce anomalous subsidence. In the present day, such descending motion is confined to 55-371 68°N, accompanied by a rising motion at 52-55°N (Fig. 7c) . As a result, fire aerosols induce 372 surface warming at higher latitudes but cooling at lower latitudes in boreal regions (Fig. 8a) . 373
Meanwhile, precipitation is inhibited by the subsidence in northwestern Canada but is 374 promoted by the rising motion in the Southwest (Fig. 8c) . By the midcentury, the range of 375 subsidence expands southward to 42°N (Fig. 7d) due to strengthened atmospheric heating 376 (Fig. 7b) . The downward convection of warm air offsets surface radiative cooling (Fig. 6b) , 377 leading to a significant warming in the Southwest (Fig. 8b) . The expanded subsidence further 378 inhibits precipitation in vast domain of Canada (Fig. 8d) . Soil moisture is closely related to 379 rainfall and as a result exhibits dipole changes (drier north and wetter south) in the present 380 day (Fig. 8e ) but widespread reductions (Fig. 8f) by the midcentury. 381
382
In response to the climatic effects of fire aerosols, boreal NPP shows distinct changes 383 between the present day and midcentury (Fig. 9) . In the 2010s, forest NPP increases by 5-15% 384 in Alaska and southern Canada, but decreases by 5-10% in northern and eastern Canada. This 385 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-319 Manuscript under review for journal Atmos. Chem. Phys. pattern of NPP changes (ΔNPP) is connected to the climatic effects of aerosols, especially 386 changes in soil moisture (Fig. 8) . The correlation between ΔNPP (Fig. 9a) and changes in soil 387 moisture (Fig. 8e) reaches R = 0.56 (n = 356), much higher than the values of R = -0.11 for 388 temperature change (Fig. 8a) and R = 0.22 for precipitation change (Fig. 8c) . At the 389 continental scale, the patchy responses of NPP offset each other. Since the dominant fraction 390 of carbon uptake occurs in southern Canada (Fig. 2a) , where positive NPP change is 391 predicted (Fig. 9a) , wildfire aerosols enhance the total NPP by 72 Tg C yr -1 in the present day 392 (Table 5 ). In contrast, increased wildfire emissions in the 2050s inhibit precipitation and 393 decrease soil moisture in boreal North America (Fig. 8) , leading to widespread NPP 394 reductions and a total NPP loss of 118 Tg C yr -1 (Fig. 9b , Table 5 ). ground and satellite data also show positive correlations between GPP and AOD (Fig. 1) (2.3%) at midcentury in boreal North America (Fig. 6 ). With these changes, simulated NPP 420 increases by 8 Tg C yr -1 at the 2010s and 14 Tg C yr -1 at the 2050s (Table 5) . Near the two 421
AmeriFlux sites (Fig. 1a) , wildfires increase local AOD by 0.03 (Fig. 4c) . Werf et al., 2010), where fires enhances regional PM2.5 concentrations by 85% and diffuse 439 radiation by 6.2% in dry seasons (Rap et al., 2015) . Second, larger solar insolation in lower 440 latitudes allows stronger DFE for the same unit change of diffuse radiation. In our prediction, 441 most of NPP changes occur at high latitudes of boreal regions (Fig. 9) , where total insolation 442 is not so abundant as that at the tropical areas. Consequently, decline of direct radiation in 443 boreal regions more likely converts the light availability of sunlit leaves from light-saturation 444 to light-limitation, offsetting the benefit from enhanced diffuse radiation for shaded leaves. 445
For this study, we do not find GPP reduction by the decline of direct light at the two 446
Ameriflux sites (Table 4) , possibly because these sites are located at middle latitudes (<50°N). 447
In the future, more observations at higher latitudes (> 55°N) are required to explore the 448 sensitivity of GPP to AOD at the light-limited conditions. showed that future area burned in boreal North America increases at a similar rate until the 471 2050s, after which area burned in A2 scenario increases much faster than that in B2 scenario. Predicted surface [O 3 ] is much higher than observations over boreal North America (Fig. 3) . 488
This bias does not affect main conclusions of this study, because predicted O 3 causes limited 489 damages to boreal GPP even with the overestimated [O 3 ] (Fig. 5) . The result confirms that 
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